Abstract. Effective prediction of calcite scaling requires a reliable thermodynamic model for the prediction of the scaling tendency, a kinetic model for the prediction of scaling rate and a transport model to simulate flow in a porous medium. The accurate prediction of the scale deposition can warn the engineers to "treat" the formation around the wellbore in time. In addition, the prediction of the distribution of the scale deposition can direct the engineers to ensure the placement of the inhibitors into the formation zones where the deposition is expected, thus maximizing the probability of successful prevention of formation damage and minimizing at the same time the amount of the required inhibitors. In this contribution, we present a geochemical computational model that combines existing thermodynamic and kinetic models for CaCO 3 precipitation, with treatments of flow and diffusion in electrolyte systems, in an one-dimensional porous medium. The geochemical model has the ability to predict the distribution of scale deposition along and around the production wells, as well as the distribution of formation damage (pore blocking, permeability reduction) around the wells.
INTRODUCTION
The production, utilization and/or re-injection of brine found in petroleum reservoirs are often hampered by serious and very unique scale problems. Some of these scale problems are so severe that entire field operations are endangered. Effective scale management requires on-line monitoring of scaling tendencies as well as detection and identification of scale deposits.
Laboratory determinations of real-time scale deposition were recently reported using a radiotracer technique [1] , an attenuated total reflection sensor [2] , a rotating disk electrode technique [3] , tapered optical fibers [4] , a piezoelectric sensor [5] and an ultrasonic technique [6] . In addition, various nuclear attenuation techniques for the in-situ detection of mineral scale in actual production systems have been also reported recently. In particular, a handled device was developed to detect the presence of scale in surface piping by measuring the nuclear attenuation across the pipe diameter and two field cases were presented in which a dual-energy-venturi multiphase flow meter was used to detect and characterize scale according to the attenuation of the nuclear spectrum [7] . A year later, Poyet and co-researchers presented a gammaray attenuation method, based on continuous triple-energy gamma-ray attenuation measurements, for the detection of scale deposition in real-time in oilfield production tubulars [8] .
The objective of the present work has been to demonstrate the use and applicability of the radiotracer technique for predicting calcite scale formation in oilfield applications. In that respect, a geochemical model, based on scale reaction calculations attempting to simulate/interpret dynamic tube-scale radiotracer experiments has been developed. The innovative feature of this model is the combination of thermodynamics, kinetics and hydrodynamics for the prediction of scale deposition along and around the production wells. Currently available models of CaCO 3 scale formation during flow in porous media, provide simply a scaling tendency. To assess a scale problem and manage deposition, it is important to know when, where and how much CaCO 3 will be deposited during oil production.
THE RADIOTRACER TECHNIQUE
The basis of this method is to label the calciumcontaining liquid with the gamma emitter 47 Ca (in the chemical form of Ca 2+ ). The radioactive 47 Ca behaves chemically identical to non-radioactive calcium. When calcium carbonate precipitates, 47 Ca will be a messenger for where the precipitation takes place and to what degree (amount of precipitate). The gamma radiation from 47 Ca will penetrate the tube and be detected by external detectors. In this way, the radiotracer technique is an online non-intrusive and continuous experimental technique.
The experimental setup
The experimental setup is illustrated in Figure 1 .
Twin HPLC pumps drive the two solutions (Brine 1 containing HCO − 3 & Brine 2 containing Ca 2+ ). The solutions are pumped through two pre-heating tubes that raise the solution temperature to the desired test temperature prior to arriving at the mixing point. The temperature is maintained constant by circulating heated Monoethylene Glycol (MEG; boiling point 198
• C) along the sand packed column, while the pressure is maintained constant using a back-pressure regulator at the outlet.
The combined supersaturated solution passes through the sand packed column and scale crystals nucleate and grow in the pore space. The sand packed columns consisted of 60 cm long stainless steel tubings with 1 cm ID, filled with quartz sand and are initially saturated with Brine 2 (containing 47 Ca 2+ ). The formation of scale is monitored by measuring the pressure drop ( p) along the sand packed column, the change in pH after mixing the two solutions and the activity of 47 Ca in the deposit at the inlet. Three NaI(Tl) γ -detectors are used for the on-line measurements of 47 Ca activity. The first one (detector 1) is set at a fixed position at the inlet of the sand packed column dedicated to measure accurately the induction time, the second one (detector 2) is also set at a fixed position at the effluent dedicated to measure changes in Ca-concentration at the outlet, while the third one (γ -scanner) is used to monitor the growth of the calcite deposition along the sand packed columns. Samples are also collected periodically at the exit end of the sand packed column to be analyzed for 47 Ca. The main gamma energy of 47 Ca is 1297 keV. However, by including also its Compton background and lower energies in the counting window, the sensitivity in the experiment may be increased. It is necessary to avoid contribution from 47 Sc, which is the daughter nuclide in the decay of 47 Ca. The energy window for the detectors will therefore be chosen from 350 keV and upwards to avoid the 159 keV γ -quanta from 47 Sc. Samples are also collected periodically at the exit end of the sand packed column and the activity of 47 Ca (1297 keV) in solution determined in off-line highresolution detector gamma-spectrometric measurements with a HpGe-detector coupled to a multichannel analyzer. Solution temperature T s , differential pressure p, pH, absolute system pressure p and 47 Ca 2+ activity (count rate R) from the two on-line detectors are logged by computer during the experiment.
The experimental induction time of precipitation is defined as the time which elapses between the creation of supersaturation and the first observable change in some physical property of the precipitating (scaling) system, e.g. the appearance of crystals, change in solution conductivity, composition, pH, a change in pressure drop, etc. [9] . For the radiotracer method, in particular, the induction time is defined as the time which elapses between the first addition of NaHCO 3 solution into the sand packed column and the time when the count rate R significantly exceeds the statistical fluctuations of the initial (or background) count rate of 47 Ca 2+ [10] .
The radiotracer 47 Ca
47 Ca has a half-life of 4.54 days, and has to be produced by thermal neutron irradiation of Ca ( 46 Ca) in a nearby nuclear reactor. The following nuclear reaction takes place:
46 Ca(n, γ ) 47 Ca.
Natural calcium contains only 0.004% of the target nuclide 46 Ca. For low SR-values and reasonable uncertainty in the experiments, application of natural calcium as target material is insufficient. This argument will become clearer by studying the activation equation below where the number (N) of target nuclides is one of the parameters:
where, σ = reaction cross section in cm
In natural Ca there is not sufficient number of 46 Caatoms to reach a disintegration rate, which is needed for saturation ratios in the order of 1.5 and slightly above. Calcium enriched in 46 Ca is needed, which can be found in the market. Here, isotopically enriched 46 Ca (4.1%) was used providing an 1000 times stronger target for irradiation. 47 Ca tracer was produced by irradiating the enriched calcium as CaCO 3 with thermal neutrons in IFE's nuclear reactor (JEEP II). The calculated activity (Bq) applied in the tests can be seen in the following count-rate of 47 Ca 2+ measured by the detector 1 at the inlet (tracer background; see Fig. 2 ) and R t is the total countrate of 47 Ca at the inlet after time t. Then, assuming that Ca 2+ conc. is constant at the inlet and equal to the feed stream conc., the CaCO 3 deposited mass at the inlet can be calculated as:
Moreover, a gamma scanner was used to measure the scale distribution along the sand packed column as described in paragraph 2.1. The gamma scanner consists of a collimated NaI(Tl) detector that can move along the sand packed column. The collimator is made of lead that ensures that the detector can only detect gamma radiation from a small slice of the sand packed column defined by the collimator opening (Fig. 3) . Thus, by moving the detector and collimator along the sand packed column, the 47 Ca distribution can be measured.
To find the scale distribution along the sand packed column, the 47 Ca 2+ cations must be removed from the sand packed column prior to the gamma scan, or their contribution must be subtracted from the total count-rate. At this point it has to be mentioned that the contribution of the scale on the reduction of the pore volume of the sand packed columns is negligible due to the small initial concentrations of the reactants. It has been confirmed both by calculations and measurements that no change in sand packed columns' porosity occurs.
The final deposited profile of CaCO 3 along the sand packed column can be calculated as:
where, ρ(xj) is mass deposited per unit length at position xj of the sand packed column, [Ca] t is the total mol concentration of Ca, d is the distance between the positions of two measurements and R(xj) is the count-rate of 47 Ca at position xj of the sand packed column.
DESCRIPTION OF THE MODEL
The main objective was to develop a formulation that can describe the carbonate system during flow in porous media. A one-dimensional (1D) transport model of multiple chemical species with simultaneous reversible and kinetically controlled reactions has been implemented in a lab-scale simulator. The conservation equations have been discretized using a finite volume approximation. The code has been successfully tested on the carbonate system [11] , and some results relevant to the experimental work are presented below.
The chemical system
Calcite precipitation can be represented by a reversible overall reaction:
CaCO 3 (s). (I)
Further reactions are necessary to describe the aqueous carbonate system. We assume one flowing phase only, and account for the following chemical reactions in that aqueous phase: 
The system of equations for the reaction/convection process will then consist of five conservation equations without reaction rate terms and one conservation equation with the rate term of the calcite precipitation, reaction (I). Adding five equilibrium constraints for the reversible reactions (II) to (IV), we obtain a total of 11 equations, a number equal to the number of species. The equilibrium conditions are computed using the aqueous solution model CaCO 3 -NaCl-H 2 O that includes the CaHCO [12] ; the equilibrium constants for reactions [2] to [5] are taken from Plummer & Busenberg (1982) , while for reaction [6] from Nordstrom et al. [13] (1990), both cited in Stumm & Morgan [14] (1996).
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Conservation equations for reacting species
Without making any assumption about the nature of the chemical reactions, the conservation equation for each species "i" in single-phase flow is
where, C i is the concentration of species i, r k is the rate of reaction k, divj i denotes the flux of species i and v denotes the stoichiometric coefficients. Such coefficients are, by convention, negative for the reactants and positive for the reaction products. Inclusion of solid components does not violate Equation (1) as long as the concentration of a solid component is interpreted as amount of substance per bulk volume unit. The flux of a solid component is zero, but the flux term is shown in the equations in order to preserve symmetry. Thus, with the reactions shown in equations (I) to (IV), and the aqueous solution made of dissolved CaCl 2 and NaHCO 3 , the linear system of conservation equations corresponding to equation 1 can be written as: 
In the system above, the rate terms are given a subscript corresponding to the reaction number [1] to [6] . In addition, the rate terms are given a superscript indicating whether the reaction is reversible (rev) or irreversible (irr). After the various manipulations of the linear system of equations, aiming at the elimination of the reaction rates of the reversible reactions, the trivial conservation equation 1 for the n ion chemical species is transformed into a system of equations consisted of:
n irr conservation equations with rate terms k B ik ( 
Simulation of laboratory experiments and parameter estimation
In a previous work, certain rate equations from the literature have been tested against the experimental data [11] . Simulations of these data revealed that a linear rate equation with respect to supersaturation like the one proposed by Reddy & Nancollas [15] , despite its simplicity, predicts satisfactorily CaCO 3 precipitation in the near well region.
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TRACER 6 -The 6 th International Conference on Tracers and Tracing Methods The calcite deposition rate will be constant at steady state conditions and, as a consequence, the calcite deposition is for all practical purposes linear in time. This effect is clearly seen in Figure 4 . The linear shape of the calcite growth curve agrees with the experimental data (see Fig. 5 ). In order to perform a proper history matching, one must probably establish a reaction rate model that incorporates effects like primary and secondary precipitation. Those effects are ignored here.
The calcite deposition during flooding and the pH at the column outlet are measured during the experiments. These parameters, calculated using two different values for k • C, respectively.
CONCLUSIONS
A geochemical model, which simulates CaCO 3 scale formation during flow in porous media, has been developed. The model has the ability to predict the distribution of the scale precipitation in a 1D porous medium and the consequent pore blocking and not just the scaling tendency as all currently existing models do. The development of the geochemical model was based on scale reaction calculations attempting to simulate/interpret dynamic tube-scale laboratory experiments. The laboratory data have been acquired from a series of sand packed column blocking experiments using for the first time a radiotracer technique. Simulations of these data revealed that a rate equation like the one proposed by Reddy (Eq. (2)), despite its simplicity, predicts satisfactorily CaCO 3 precipitation in the near well region, by tuning the rate parameter k o p . In particular, it was found that using the value k o p = 5.0 × 10 −6 mol L −1 min −1 , Eq. (2) fits well the experimental data over a wide range of temperatures (25-100
• C) and saturation ratios (15-216) tested in this study.
The geochemical module developed presently aims at advancing the understanding and promoting the prevention of formation damage during production due to calcite precipitation. The tool may assist the petroleum industry in designing efficient squeeze treatment methods of scaling prevention and to optimize in a cost-effective way certain aspects of the production and environmental policies of oil operator companies; the knowledge of the actual position of the forthcoming scale deposition can lead to the design of techniques that place the inhibitors only at the specific positions, thus reducing the amount of the inhibitor required to be squeezed.
